2-oxogluatarate (2-OG), a metabolite of the highly conserved Krebs cycle, not only plays a critical role in metabolism, but also constitutes a signaling molecule in a variety of organisms ranging from bacteria to plants and animals. In cyanobacteria, the accumulation of 2-OG constitutes the signal of nitrogen starvation and NtcA, a global transcription factor, has been proposed as a putative receptor for 2-OG. Here we present three crystal structures of NtcA from the cyanobacterium Anabaena: the apoform, and two ligandbound forms in complex with either 2-OG or its analogue 2,2-difluoropentanedioic acid. All structures assemble as homodimers, with each subunit composed of an N-terminal effector-binding domain and a C-terminal DNA-binding domain connected by a long helix (C-helix). The 2-OG binds to the effector-binding domain at a pocket similar to that used by cAMP in catabolite activator protein, but with a different pattern. Comparative structural analysis reveals a putative signal transmission route upon 2-OG binding. A tighter coiled-coil conformation of the two C-helices induced by 2-OG is crucial to maintain the proper distance between the two F-helices for DNA recognition. Whereas catabolite activator protein adopts a transition from off-to-on state upon cAMP binding, our structural analysis explains well why NtcA can bind to DNA even in its apoform, and how 2-OG just enhances the DNA-binding activity of NtcA. These findings provided the structural insights into the function of a global transcription factor regulated by 2-OG, a metabolite standing at a crossroad between carbon and nitrogen metabolisms.
crystal structure | cyanobacteria | transcription activator | DNA recognition 2 -oxoglutarate (2-OG) is the carbon skeleton for the assimilation of nitrogen. It is derived from the Krebs cycle, a highly conserved central metabolic pathway, and stands at the crossroad between carbon and nitrogen metabolism. Interestingly, increasing evidence indicates that 2-OG is not only a central metabolite but also a signaling molecule in a variety of organisms, including bacteria (1), plants (2) , and animals (3). One such example is provided by studies in cyanobacteria Anabaena sp. PCC 7120, where it has been shown that the accumulation of 2-OG in vivo constitutes the nitrogen starvation signal and thus triggers a series of cellular responses by readjusting cellular metabolism (4) . It has been proposed NtcA, a transcription factor belonging to the Crp-Fnr family (cAMP receptor protein and fumarate/nitrate reductase regulator, Pfam code PF00325), could be one of the receptors of 2-OG because 2-OG enhances the DNA-binding activity of NtcA (4, 5) . However, no evidence is available to show that 2-OG is indeed a ligand for NtcA.
Transcription factors in the Crp-Fnr family are widespread among bacteria. They regulate a large spectrum of cellular activities, including carbon or nitrogen metabolism, redox or stress responses, etc., enabling bacteria to adapt to diverse environmental changes. They are usually characterized by a helix-turn-helix DNA-binding domain (DBD) at the C-terminus (6). Based on their sequences and functions, members of this family were originally classified into three groups, namely Crp, Fnr, and the nitrogen responsive regulator NtcA (7). The most widely known member is Escherichia coli cAMP receptor protein (CRP) or catabolite activator protein (CAP), which, in response to levels of cAMP, controls the process of catabolic repression (8) . The structure of E. coli CAP in complex with cAMP, determined in 1981, was the first of its kind among the Crp-Fnr family members (9) , and has served as the basis for understanding the molecular mechanisms of transcription factors activated by small effectors. The active form of CAP exists as a homodimer (10, 11) , with each subunit containing an N-terminal cAMP-binding domain and a C-terminal DBD bridged together by a long helix (C-helix) (9) . Information concerning the structure of the apoform of CAP was not available until the NMR (12) and the crystal (13) structures were reported in March 2009 and June 2009, respectively. These two structures at last made it possible to begin appreciating the precise allosteric mechanisms behind activation of CAP upon cAMP binding. Despite a discrepancy in the allosteric mechanisms deduced, both structures indicated an off-to-on state of CAP triggered by cAMP. Comparison between the NMR structure of apo-CAP (12) and the crystal structures of CAPcAMP (14) and CAP-cAMP-DNA (15) indicated that the two C-helices are subject to a coil-to-helix transition upon cAMP binding (12) . The larger dimeric interface resulting from the three regenerated turns of the C-helix decreases the relative distance between the two DNA recognition helices (F helices) from 41 Å in the apoform to 34 Å in the cAMP-bound form, which fits perfectly into a turn of DNA major groove (12) . In an alternative model deduced from the crystal structure of apo-CAP (13), the Fhelices are wrapped in the core of DBDs in the absence of cAMP, which results in a low DNA-binding affinity.
In contrast to the mounting structural investigations on CAPs, no information on the structure of either Fnr or NtcA groups has been reported. The representative member NtcA of one of these groups is a global nitrogen regulator found in all cyanobacteria sequenced to date, such as Nostoc spp. (including Anabaena sp. PCC 7120), Cyanothece sp., Plectonema boryanum, Prochlorococcus sp., Synechococcus sp., and Trichodesmium sp. (6) . It regulates the expression of a large number of genes, especially those involved in nitrogen metabolism, as well as other aspects of cyanobacterial metabolism, such as carbon metabolism, photosynthesis, and stress responses (16) . Anabaena sp. PCC 7120 and many other cyanobacteria can also fix nitrogen via a reaction sequestered in a particular cell type, the heterocysts, which are formed along the filament in response to combined nitrogen starvation (17) . This unique cell differentiation strategy enables cyanobacteria to take advantage of both oxygen-sensitive nitrogen fixation (in heterocysts) and oxygen-producing photosynthesis (in vegetative cells) (5, 18) . NtcA plays crucial roles at different stages of heterocyst differentiation (5) . The consensus NtcA-binding site adopts a palindromic sequence pattern, TGT-(N 9 or N 10 )-ACA or GTA-(N 8 )-TAC (19) (20) (21) . The DNA-binding activity of NtcA is regulated by the accumulation of the metabolite 2-OG (4, (22) (23) (24) . Because of the absence of 2-OG dehydrogenase in cyanobacteria (25) , the 2-OG produced by the Krebs cycle serves mainly as a carbon skeleton for nitrogen assimilation through the glutamine synthetase-glutamate synthase pathway. When there is a shortage of nitrogen, 2-OG transiently accumulates in Anabaena (26), the increased level of which is sensed by NtcA as a signal of nitrogen starvation. This phenomenon has been mimicked by the accumulation of a nonmetabolizable analogue of 2-OG, 2,2-difluoropentanedioic acid (DFPA), which was sufficient to trigger the differentiation of Anabaena heterocysts (4) . Moreover, the presence of 2-OG was required for the NtcA-dependent transcriptional initiation as indicated by in vitro transcription assays (27) .
To date, information on the binding site of 2-OG or DFPA and on the activation mechanism of NtcA by these effectors remains undetermined. A set of preliminary X-ray crystallographic data of NtcA indicated that it might share a fold and may consequently present a mechanism of activation similar to that of CAP (28, 29) . However, 2-OG is distinct from cAMP both in terms of molecular size and structural features, which theoretically should be reflected in differing effector-binding sites and activation mechanisms. We have determined the crystal structures of NtcA both in its apoform and ligand-bound forms in complex with 2-OG and DFPA, respectively. Despite the structural similarities between NtcA and CAP, comparative structural analysis showed that NtcA utilizes a rather different allosteric mechanism triggered by 2-OG. The signal from 2-OG is first sensed by the effector binding domains (EBD) before being transmitted to the F-helices in DBDs via the C-helices and the succeeding hinge regions, with no accompanying coil-to-helix transition or dramatic conformation switch of the F-helices.
Results
Crystallization and Structure Solution. Because the first structure of E. coli CAP was solved in 1981 (9) , determining the apoform structure of CAP has proved to be a major challenge and was achieved 28 years later (12, 13) , largely because of the in vitro instability and/ or intrinsic flexibility of CAP in the absence of cAMP. We have encountered similar difficulties during the purification and crystallization of NtcA, which might explain why little is known about its structure and 2-OG binding mode despite preliminary X-ray crystallographic data reported by Wisen et al. in 2004 (28) . Without the ligand 2-OG/DFPA or the detergent n-octyl-β-D-glucopyranoside (OBG), NtcA is quite unstable in solution and is prone to precipitation. However, after adding OBG to a final concentration of 0.1% (w∕v), the DFPA/2OG-bound form of NtcA could reach a concentration of 20 mg∕mL. We first obtained high-quality crystals of NtcA in complex with DFPA (designated NtcA-DFPA), and with a multiple wavelength anomalous dispersion (MAD) dataset of seleno-methionine labeled NtcA-DFPA (Se-NtcA-DFPA) at 2.70 Å, we solved the phase problem and determined the structure. Using this structure as the MR search model, we eventually determined the native structures of NtcA-DFPA at 2.40 Å and NtcA-2-OG at 2.60 Å.
An even bigger challenge has been solving the structure of the apoform of NtcA (apo-NtcA), crucial to illustrating the allosteric effect of 2-OG. Our previously optimized crystal of Se-Met-labeled apo-NtcA (Se-apo-NtcA) diffracted to only 3.10 Å and data showed severe anisotropy. Nevertheless, using this 3.10 Å MAD dataset, we determined the initial phases and built the partial model into the low-resolution density map with the help of the molecular replacement (MR) method using the NtcA-DFPA structure. Among the diamond-like crystals, we found several crystals of apo-NtcA of a different shape (Fig. S1 ), which diffracted at 1.90 Å and with lower anisotropy.
Overall Structures of NtcA. As postulated earlier (29, 30) , NtcA adopts the same fold as classic CAPs, and NtcA-2-OG, NtcA-DFPA, and apo-NtcA share a similar overall structure (Fig. 1) . Taking NtcA-2-OG as an example, the two subunits (A and B) in an asymmetric unit form a tight dimer with a 2-fold axis (Fig. 1A) . Each subunit has two distinct domains, an N-terminal EBD and a C-terminal DBD, connected by a long helix from Pro116 to Ala141 (designated the C-helix, and the DNA recognition helix in DBD designated the F-helix, in accordance with those of CAP) (Fig. 1A) . The two C-helices adopt a coiled-coil conformation and are the major contributors to the stabilization of the homodimer. The EBD adopts a β-barrel motif composed of seven antiparallel β-strands (β1-β7), within which a molecule of 2-OG is embedded. The DBD consists of a DNA-binding helixturn-helix motif and a four-strand β-sheet (β8-β11).
NtcA-2-OG and NtcA-DFPA adopt an almost identical overall structure, whereas apo-NtcA differs considerably, especially in the EBDs (Fig. 1B) . Vacuum electrostatic potential distribution revealed a putative DNA-binding cleft within each DBD of the three structures, indicating that both the apo-and ligand-bound NtcA possess DNA-binding capacity.
The Binding Site of 2-OG and DFPA. In NtcA-2-OG, the EBD of each subunit contains a molecule of 2-OG that fits well in the electron density map (Fig. S2A ). 2-OG binds to the protein with both direct and water-mediated hydrogen bonds (H-bonds) ( Fig. 2A) . The major contribution comes from the H-bonds between the main-chain atoms of residues Gly76, Val77, and Leu78 and the two carboxyl groups of 2-OG. The O7 and O9 of 2-OG form two H-bonds with Nα of Gly76, whereas O1 of 2-OG makes H-bonds with the Nα atoms of Val77 and Leu78. Thus, the main-chain conformation of Gly76-Leu78 provides a scaffold for embracing 2-OG. Moreover, Arg129-Nη1 and -Nη2 form two H-bonds with O10 and O9 of 2-OG, respectively, whereas Arg88-Nη1 interacts with O3 of 2-OG through a salt bridge and Glu134 0 -Oε2 (residues from subunit B are labeled with a prime) also forms an H-bond with O10 of 2-OG. In addition to these direct interactions, the Nα atoms of Tyr90 and Phe89 form two H-bonds with O3 of 2-OG through a water molecule.
We solved the structure of NtcA-DFPA to examine the structural basis behind DFPA being able to mimic the signaling function of 2-OG in vivo (4). As expected, it shares an almost identical overall structure with NtcA-2-OG and, moreover, DFPA adopts a binding pattern quite similar to that of 2-OG (Fig. 2B) .
of two subunits. DFPA and 2-OG share the same binding residues with an almost identical H-bond network, except for a few slight differences. The acceptor atom O1 of 2-OG in the H-bond formed with Nα of Val77 was substituted by the atom F8 of DFPA. In addition, the H-bond between the atom F7 of DFPA and Glu134 0 -Oε1 acts as a counterpart of that between Nα of Gly76 and O7 of 2-OG.
Structural Comparison of apo-NtcA and NtcA-2-OG. Apo-NtcA shares the same topology and has a very similar overall structure to that of NtcA-2-OG. Superposition of apo-NtcA and NtcA-2-OG dimers yielded an rmsd of 2.22 Å for 360 Cα atoms. In contrast to one subunit that could be relatively well superimposed, another subunit showed considerable displacement (Fig. 3A) . (Fig. 3B) . In apo-NtcA, this pocket adopts an open, extended conformation that allows 2-OG to access the binding site. When 2-OG is approaching the binding pocket, as shown in Fig. 3B , the Cα atoms of residues Phe75, Gly76, and Val77 move toward 2-OG by 1.1, 1.6, and 2.3 Å, respectively, from one side, whereas the Cα atoms of Arg88, Phe89, and Tyr90 move toward 2-OG by 0.9, 1.2, and 1.9 Å, respectively, from the other side. Subject to the narrowing of the binding pocket, both the main-chain and side-chain atoms of Thr82-Asp87 in the surface loop between α1 and β6 are shifted. The Cα atoms of Ser86 and Asp87 are attracted, whereas the Cα atoms Thr82-Lys85 are repelled by 2-OG. In addition, upon the main-chain shift and side-chain rotation of Tyr90, the β3-β4 hairpin moves outward against the binding pocket (Fig. 3B) . Taken together, as a result of the induced fit, residues Phe75-Leu78 and Arg88-Tyr90 are now in a better conformation to fix the carboxyl groups of 2-OG via abundant polar interactions ( Fig. 2A) .
The conformational changes at the EBDs upon 2-OG binding alter the relative orientation of the two C-helices (Fig. 3C) , which in turn results in a larger dimeric interface. Apo-NtcA dimer has a buried interface of approximately 1700 Å 2 , with the two C-helices adopting a rather parallel (at an angle of 17°) orientation. Upon 2-OG binding, the angle between the two C-helices is twisted from 17°to 23°, resulting in a tighter coiled-coil conformation and a more stabilized dimer with an interface increased to approximately 2000 Å 2 (Fig. 3C ).
Putative Route of Signal Transmission from 2-OG to the F-Helices. How does a series of conformational changes transfer the 2-OG signal from the effector binding sites in the EBDs to the DNA-binding sites of the two F-helices in the DBDs? The 2-OG signal is first sensed by the residues at the β-barrel pocket in EBD (Fig. 3B) . All the conformational changes occurring upon 2-OG binding together lead to the distortion of the EBDs as well as with the side-chain shifts of several residues directly linked to the C-helices (Fig. 3C ). Among these residues, Tyr90 contributes at a particularly important level. In apo-NtcA, the hydroxyl group of Tyr90 forms an H-bond with Glu134 0 -Oε1 and occupies the binding pocket, whereas Glu62-Oε1 in the β4-strand forms an H-bond with Glu138 0 -Oε2. In NtcA-2-OG, the phenol ring of Tyr90 rotates around the peptide bond by approximately 30°a nd shifts the hydroxyl group by approximately 3.5 Å away from 2-OG. Meanwhile, following the breakage of the H-bond with Glu62-Oε1 in the apoform, the side chain of Glu138′ is rotated (Fig. 3C ).
Besides these 2-OG binding residues in EBD, the 2-OG signal is sensed directly and simultaneously by residues Arg129 and Glu134′, which protrude from the two C-helices (Fig. 3B) . In apo-NtcA, the carboxyl group of Glu134′ is fixed by H-bonds with Arg129-Nη1 and -Nη2 via Oε2, and another with the hydroxyl group of Tyr90 via Oε1. In NtcA-2-OG, Glu134′ is shifted slightly toward and makes an H-bond with the O10 of 2-OG, whereas Arg129-Nη1 and -Nη2 form two H-bonds with the atoms O9 and O10 of 2-OG (Fig. 3C) . The interactions of 2-OG with residues Arg129 and Glu134′ facilitate the adoption of a tighter coiled-coil conformation by the two C-helices.
The signal is then transmitted along the C-helices to the hinges linking the C-helices and DBDs. In apo-NtcA, the pair of C-helices adopt a relatively parallel or looser coiled-coil conformation, and the two Arg143 residues located at the hinge regions are close enough to each other to make two H-bonds between the Nη2 and main-chain oxygen atoms (Fig. 3C) . In NtcA-2-OG, the Cα atoms of two Arg143 residues move outward relative to their counterparts in apo-NtcA by an average of 3.6 Å, accompanied by a rotation of the side chain outward by approximately 30° (Fig. 3D) . The breaking of these two H-bonds, in addition to the conformational changes of Glu138′, Arg129, and Glu134′, contribute to a tighter coiled-coil conformation of the C-helices in the ligand-bound NtcA. As seen from the top view, the 17-23°t ransition of the C-helices shifts the hinge regions to a position in which they cross over slightly (Figs. 3D and 4) . Consequently, the two DBDs move closer to each other as a rigid body, similar to that found in the DBDs of CAP (12, 13) . Thus, the distance between the two F-helices is reduced from 37 Å in apo-NtcA to 34 Å in NtcA-2-OG (Figs. 3D and 4) .
In short, the signal of 2-OG is first sensed by the binding residues in EBDs before being transmitted along the C-helices through residues Arg129, Glu134, and Glu138, further amplified by Arg143 at the hinge regions, and finally accepted by the two F-helices in the DBDs. Upon 2-OG binding, the two C-helices adopt a tighter coiled-coil conformation, which is crucial to bringing the two rigid DBDs relatively closer and providing a more adapted distance between the two F-helices for DNA recognition.
Discussion
Structural Comparison of Ligand-Bound Forms of NtcA and CAP. The structure of NtcA represents the first solved structure of this group in the Crp-Fnr family. Both NtcA and CAP are dimeric proteins with a similar overall structure. Superposition of NtcA-2-OG against E. coli CAP-cAMP [Protein Data Bank (PDB) ID 1G6N) (14) yields an rmsd of 2.83 Å for 351 Cα atoms, and reveals that the DBD and EBD adopt a similar relative position in both structures (Fig. S3) . In the structure of CAP-cAMP-DNA, the two F-helices are inserted into successive DNA major grooves and make extensive contacts with the bases and the sugar-phosphate backbone (15, 31) . In NtcA-2-OG, the two F-helices (Arg187-Lys200) possess numerous positively charged residues Arg187, Arg192, Arg198, and Lys200, which allow, in 
Based on the sequence-structure alignment, the binding sites of 2-OG in NtcA clearly correspond to those of cAMP in CAP, and even share several binding residues (Fig. S4) . However, the binding pattern of 2-OG is quite different from that of cAMP, due to significant differences in both their molecular size and structural features. It is notable that residues Ser83 and Ala84 in CAP are substituted by the aromatic residues Phe89 and Tyr90 in NtcA, resulting in the occupancy of the cAMP-binding pocket. Moreover, Ser128 in CAP is substituted by Glu134′ in NtcA, which is located on the C-helix of the neighboring symmetric subunit (Fig. 5) . Glu134′ forms an H-bond with the carboxyl group of 2-OG and Ser128 forms an H-bond with the nitrogen atom of the cAMP purine moiety. The side chain of Glu134′ in NtcA also occupies the corresponding space for the cAMP purine moiety in CAP.
Common and Distinct Features of the Allosteric Mechanisms Between CAP and NtcA. In both NtcA and CAP, the effector signal is transmitted from the EBD to the DBD via the C-helix bridge. A series of conformational changes induce the F-helices to adopt a more suitable distance and orientation for DNA binding, which then activates the transcription of target genes. During the signal transmission, the individual DBDs of both NtcA and CAP move as a rigid body resulting in a DNA major groove-favoring conformation of the two F-helices.
Besides these common features, several structural properties distinguish NtcA from CAP by their different associated activation mechanisms. According to the NMR structure, the binding of cAMP extends the C-helix by three turns and concomitantly forces the F-helices to rotate by 60°and adopt a correct orientation and a perfect distance for DNA recognition (12) . However, the crystal structure suggests that the binding of cAMP extends the C-helix by 1.5 turns and causes the buried F-helices in apo-CAP to be exposed to the surface of the DBDs in cAMP-CAP (13) . In contrast, upon 2-OG binding, neither of the two individual C-helices of NtcA undergoes any dramatic conformational change, but instead shows a shift toward each other with a tighter coiled-coil conformation resulting from the breakage and regeneration of H-bonds donated by residues Arg129, Glu134, Glu138, and Arg143. The significant change in the relative orientation between the two C-helices shortens the distance of the two parallel F-helices from 37 to 34 Å, achieved without rotation.
In addition, in both apo-NtcA and NtcA-2-OG, a positively charged cleft made by residues exposed to the surface of the DBDs provides a DNA-binding patch. This indicates that, in contrast to apo-CAP (32), both apo-NtcA and NtcA-2-OG possess a DNA-binding capacity. Why is the enhancement of DNA-binding affinity of NtcA by 2-OG not as strong as that of CAP by cAMP? As shown in the present NtcA structures, the binding of 2-OG shifts the two F-helices to a distance more adapted for DNA binding and consequently increases DNA-binding affinity. Even in the absence of 2-OG, the conformation of the two F-helices allows NtcA to bind DNA with relatively weaker affinity. This observation agrees well with the fact that the apoform of NtcA can indeed bind to DNA in vitro at a dissociation constant of 52 nM, slightly higher than that of the 2-OGbound form at 40 nM, as found in Synechococcus PCC 7942 (22, 23) . The fine tuning of NtcA by 2-OG might have evolved from evolutionary pressure whereby cyanobacteria needed NtcA to regulate the expression of a much wider spectrum of genes than does CAP in E. coli. In fact, NtcA not only activates the expression of genes involved in nitrogen metabolism upon the 2-OG accumulation induced by nitrogen deprivation, but it also controls many genes involved in other functions such as photosynthesis and oxidative stress response (33) (34) (35) . In addition to functioning as an activator, in some cases NtcA acts as a repressor (36) . The structure-function relationship of NtcA may therefore have been fashioned during evolution by the necessity to coordinate a diversity of cellular functions, not simply involving an off-to-on transition in the case of CAP, but by using a more subtle change of the relative distance between the two F-helices.
Numerous studies have been carried out on the DNA-binding affinity of NtcA proteins from cyanobacteria Anabaena PCC 7120 (4, 21, 24, 29) and Synechococcus PCC 7942 (20, 22, 23) . Based on the present crystal structures, we performed a sequence alignment of 17 representative NtcA proteins (Fig. S5) . The 2-OG binding site and the key residues undergoing conformational changes upon 2-OG binding are almost identical. Moreover, the F-helix is also highly conserved. Therefore, the allosteric mechanism proposed in the present work for the Anabaena NtcA should be valid for all other cyanobacterial NtcA proteins.
More investigations are needed to fully understand the complex mechanism behind the 2-OG-tuning of NtcA likely involving other known or unknown factors. Using Synechococcus NtcA as a bait, the PII-interacting protein X (PipX) was preyed by two-hybrid approaches, and the interaction between NtcA and PipX in the presence of 2-OG was also shown by the surface plasmon resonance method (37, 38) . Furthermore, there is evidence suggesting that PipX acts as a positive regulator in NtcA-dependent transcriptional activation under the high levels of 2-OG caused by nitrogen deficiency. On the basis of these results, it was proposed that the transcription of NtcA-dependent promoters could be activated by the PipX-NtcA complex (37) . An attempt to solve the complex structure of PipX-NtcA is in progress to test this hypothesis.
Materials and Methods
Protein Expression, Purification, and Crystallization. The coding region of NtcA gene was cloned into pET28b (Novagen) as previously described (23) . Both the wild-type and Se-Met labeled apo-NtcA were expressed, purified and crystallized by the procedures reported by Wisen et al. (28) . For ligand-bound forms, 15 mg∕mL of protein with 5 mM 2-OG/DFPA was mixed with an equal volume of the reservoir solution containing 0.05 M ðNH 4 Þ 2 SO 4 and 25% pentaerythritol ethoxylate (3∕4, EO∕OH) equilibrated against the reservoir solution. All crystals were grown at 16°C using the hanging drop vapor diffusion technique.
Data Collection and Processing. All crystals were flash frozen in liquid nitrogen using the cryoprotectant of their respective reservoir solutions, and the data were all collected at 100 K in a nitrogen stream. The native data of NtcA-2-OG and NtcA-DFPA were collected on a MarResearch 345 image-plate detector using a Rigaku MM007 X-ray generator (1.5418 Å) at the School of Life Sciences, University of Science and Technology of China (USTC). The data of Se-NtcA-DFPA were collected at the Beijing Synchrotron Radiation Facility and those of native apo-NtcA and Se-apo-NtcA were collected at the Shanghai Synchrotron Radiation Facility. The data was integrated and scaled with the program HKL2000 (39) .
Structure Determination and Refinement. The selenium sites from the data of Se-NtcA-DFPA were determined using the program SHELXD (40) . The initial phases were calculated with the program phenix.solve implemented in the PHENIX program suite. The program phenix.resolve was used to perform solvent flattening and automatic model building. The resultant model was subsequently used as the search model for determining the structures of NtcA-2-OG and NtcA-DFPA by the MR method with the program MOLREP (41) implemented in CCP4i (42) . The initial model was refined by REFMAC5 (43) and rebuilt interactively with the programs PHENIX (44) and COOT (45) until the free R-factor converged. The final models were refined to the highest resolution shown in Table S1 , and both were checked using the programs MOLPROBITY (46) and PROCHECK (47) .
The resulting electron density map of Se-apo-NtcA at 3.10 Å was found to be quite poor. Using the DBD and the C-helix part of the NtcA-DFPA structure as a search model, we determined the phase by MR in combination with MAD phasing. With the aid of the selenium sites and residues of bulky side-chains for the residue type assignment, we successfully built the initial model of apo-NtcA using COOT and Autobuild implemented in PHENIX (44) . This model was then used as a search model against the 1.90 Å data of the native apo-NtcA. All structure figures were prepared with PyMOL (48) .
